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ABSTRACT 


Prior  to  widespread  use  of  adaptive,  multiple-beam,  etc.,  antennas  in 
communication  and  radar  systems,  most  antenna  systems  were  relatively  simple 
devices.  Their  performance  could  be  accurately  assessed  by  the  measured 
antenna  gain,  principal  plane  sidelobe  level,  radiation  impedance,  and  far  zone 
polarization.  In  contrast,  current  day  antenna  systems  can  be  so  complex  that 
human  ability  to  study  the  measured  performance  data  is  not  adequate  to  deter- 
mine, in  an  objective  manner,  which  of  more  than  one  antenna  designs  is  superior 
In  addition,  the  large  amount  of  data,  required  to  assess  the  antenna's  per- 
formance properly,  is  not  usually  put  in  a form  suitable  for  appropriate 
assessment.  In  particular,  visual  inspection  of  a large  number  of  antenna 
radiation  pattern  contour  plots  is  realistically  beyond  any  human's  ability  to 
quantitatively  determine  good  performance  from  inadequate  performance. 


Clearly,  today's  sophisticated  antejina  systems  require  more  than  an 
adequate  specification  of  the  important  performance  characteristics;  it  is 
necessary  to  have  a suitable  figure  of  merit  (FOM)  that  is  capable  of  yielding 
an  unbiased  measure  of  the  antenna  systems  many  performance  characteristics 
combined  to  yield  a direct  measure  of  their  effect  on  the  communication  or 
radar  system  with  which  the  antenna  is  designed  to  operate.  This  paper  is 
addressed  to  the  definition  of  such  an  FOM  and  the  demonstration  of  its  use  in 
comparing  the  performance  of  two  arbitrarily  selected  adaptive  antennas. 
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I . FOM  for  an  Adaptive  Antenna 

Usually  the  performance  of  an  adaptive  antenna  operating  In  a communica- 
tion system.  Is  Judged  by  the  ratio  of  the  directive  gain  (D^),  In  the  direc- 
tion of  the  desired  signal  (S^)  source  (or  sources),  to  the  directive  gain  (D() 

in  the  direction  of  the  undeslred  signal  (S  ) sources.  The  system  designer 

u 

needs  to  know  the  ratio  D^/D^  so  that  he  may  set  large  enough  to  guarantee 
uninterrupted  communication  even  in  the  presence  of  undesired  and/or  unexpected 
interference.  Unfortunately,  it  Is  not  always  possible  to  specify  the  location 
and  strength  of  all  S^;  consequently,  the  system  designer  might  consider  the 
"worst  case"  performance  characteristics  in  specifying  the  antenna's  perfor- 
mance. ihis  could  lead  to  an  antenna  system  much  too  large,  too  complicated, 
or  perhaps  even  impractical.  Hence  the  syatem  designer  must  compromise,  or 
trade-off,  the  system  performance.  He  might  do  this  by  specifying  the  antennas 
performance  on  a statistical  basis;  that  la,  Cj/D()>X  for  Y2  of  the  communica- 
tion system's  operating  hours.  In  short  an  intelligent  quantitative  means  of 
trading  off  system  performance  characteristics  must  be  provided. 

In  response  to  the  foregoing,  let  ua  consider  an  FOM  which  consists  of 

first  dividing  the  antenna's  angular  field  of  view  (FOV)  into  a grid  of  cells 

as  indicated  in  Figure  1.  Next  select  a particular  location  and  strength  of 

desired  and  undesired  signal  sources  (i.e.,  an  S^-S^  scenario)  and  "allow"  the 

adaptive  antenna  under  test  to  adapt.  Next  the  directive  gain  is  determined 

at  each  cell  in  the  FOV.  Then  the  cells  are  grouped  according  to  their  angular 

(or  other)  separation  from  the  undeslred  signal  sources.  For  example.  Zone  1 

might  include  all  cells  within  1“  of  an  undesired  signal  source.  Zone  2 would 

include  all  cells  between  1°  and  3°  from  S ; Zone  3 would  include  all  cells 

u 

more  than  3°  from  S^.  The  values  of  directive  gain  would  be  sorted  in  accordance 

with  their  associated  zone.  In  the  case  of  more  than  one  S , a cell  mav  be  in 

u 

more  than  one  zone.  In  this  case,  the  cell  would  be  aasigned  to  the  zone 
closest  to  an  undeslred  signal  source. 

* 

Since  the  antenna  is  receiving  signals,  the  antenna  s receiving  cross  section 
A is  required.  However,  for  reciprocal  antenna  (as  is  almost  always  true), 
D»4nA/X  ; hence  D will  be  used  throughout  this  note  Instead  of  receiving  cross 
section. 
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Fig.  I.  Figure  of  merit. 
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Next  a new  S^-S^  scenario  la  selected,  the  antenna  is  allowed  to  adapt, 
and  the  directive  gain  is  determined  and  sorted  as  described  in  the  foregoing 
paragraph.  This  procedure  is  repeated  until  all  important  s(1-su  scenarios  have 
been  considered,  or  a data  base,  sufficient  for  statistical  analysis,  has  been 
accumulated.  Using  this  data  base,  one  can  determine  the  probability  of 
realizing  Dj/Du,  greater  than  a selected  value,  in  any  of  the  zones.  Of 
course,  the  worst  and  best  results  could  he  presented  in  those  cases  where  the 
designer  wishes  to  achieve  a certain  "guaranteed"  performance. 


In  those  instances  when  the  strength  of  the  undesired  signal  strength  is 
known,  the  ratio  0,/D  can  he  used  to  determine  the  effective  radiated  power 
(KRP)  required  by  the  desired  signal  source  to  overcome  that  signal  radiated  by 
the  undestred  signal  source.  The  results  of  this  calculation  could  be  pre- 
sented as  a statistical  distribution;  that  is,  what  KRP  is  required  for  S /S, 
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> A with  probability  X.  In  those  cases  where  more  than  one  interfering  source 

of  different  intensity  is  present,  one  could  determine  an  effective  (i.e., 

D*)  in  accordance  with 
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II.  illustrative  Example  of  an  FOM 

In  order  to  demonstrate  the  utility  of  the  proposed  FOM,  let  us  consider 
the  following  two  adaptive  antennas  (see  Figure  2): 

1.  A hexagonal  planar  array  of  seven  Identical  8 dB  gain  antennas  with 
an  Interelement  spacing  equal  to  1 meter. 

2.  Same  array  as  in  1 but  with  an  Interelement  spacing  equal  to  4 meters. 

We  will  assume  each  antenna  has  the  same  adaptive  algorithm  and  must  operate 
at  450  MHz,  in  the  presence  of  two  undesired  signal  sources  each  in  any  one  of 
25  different  locations.  The  desired  signal  sources  are  assumed  to  be  anywhere 
in  the  FOV.  We  are  in  fact  attempting  to  determine  the  interelement  spacing 
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best  suited  to  this  particular  set  of  venty  five  S^-S^  scenarios  with  all 
other  antenna  design  parameters  held  constant.  All  values  of  directive  gain 
will  be  determined  analytically  assuming  phasing  and  matching  errors  appro- 
priate to  limit  the  depth  of  null  to  a credible  value.  In  order  to  demonstrate 
the  utility  of  the  FOM,  two  pairs  (one  for  each  array)  of  radiation  contour 
plots  associated  with  two  specific  S^-S^  scenarios  will  be  presented.  Some 
conclusions  will  be  conjectured,  and  then  the  FOM  resulting  from  all  25  scenarios 
will  be  presented. 

With  the  antennas  fully  adapted  to  a particular  scenario,  the  antennas' 
directive  gain  at  all  cells  in  the  FOV  was  calculated.  The  resulting  antenna 
radiation  pattern  contour  plots  for  array  1 and  array  2 are  shown  in  Figures  3 
and  4.  The  location  of  the  interfering  sources  is  indicated  by  a large  solid 
dot  on  each  plot.  The  FOV  is  centered  on  the  antenna's  broadside  direction  and 
subtends  an  angle  of  17.3°.  The  system  designer  (in  our  present  analysis)  must 
assume  that  the  desired  signal  sources  could  be  located  anywhere  in  the  FOV  as 
indicated  by  the  edge  of  the  contour  plot. 

These  results  are  not  too  different  than  one  would  have  expected;  that  is, 

1.  The  smaller  array  has  a smooth  radiation  pattern  with  null  centered 
on  each  interfering  source. 

2.  The  large  array  provides  an  irregular,  uneven  coverage  of  the  FOV  but 
the  null  on  each  undesired  source  is  sharper  and  lesser  in  extent 
than  that  of  the  smaller  array. 

3.  The  larger  array  produces  a larger  directivity  (i.e.,  12.8  dBi  vs  8.8 
dBi) . 

In  short,  the  larger  antenna  aperture  provides  increased  resolution  of  the 
desired  nulls  but  introduces  extra  nulls  because  the  interelement  spacing  is 
large  enough  to  produce  "grating"  lobes  and  nulls  within  the  FOV.  The  point 
of  this  comparison,  however,  is  that  should  0 dBi  directive  gain  be  adequate, 
it  is  not  immediately  obvious  which  antenna  gives  the  best  coverage  of  the  FOV. 


The  choice  of  which  antenna  la  best  becomes  further  confused  when  we 
compare  Hlmllar  results  (Figures  5 and  t>)  obtained  with  a different  location  of 
the  undeslrod  sources.  In  this  latter  case,  the  smaller  array  appears  to  give 
superior  results  In  that  the  larger  array  has  at  least  six  extra  nulls  tar 
removed  from  the  undeslred  sources. 

1 

Next  let  us  compare  the  KOM  for  the  directive  gain  of  these  arrays.  In 
particular,  the  statistical  distribution  of  directive  gain  for  each  array  with 
desired  signal  sources  in  three  angular  zones  is  shown  in  Figure  7.  Clearly 
the  larger  array  1ms  about  10  dH  more  directive  gain  than  the  smaller  array 
when  the  desired  and  undeslred  signal  sources  have  an  angular  separation 
between  0.5°  and  2®.  For  all  other  locations  of  the  desired  signal  source,  the 
antenna's  directive  gain  is  increased  by  about  5 dB  when  the  spacing  between 
the  elements  of  the  array  is  increased  from  one  meter  to  four  meters  (that  is, 
for  the  smaller  versus  the  larger  array).  It  is  also  possible  to  determine, 
from  Figure  7,  the  probability  of  realizing  a gain  in  excess  of  A dH.  For 
example,  with  the  larger  array,  the  directive  gain,  to  the  desired  signal 
sources  located  at  least  2°  from  any  undesired  signal  source,  will  exceed  dBi 
(dB  referred  to  an  Isotropic  radiator)  with  a probability  of  O.^b  (see  lines 
indicated  in  Figure  7.)  'Hie  same  figure  Indicates  that,  for  the  larger  array, 
the  maximum  directive  gain  to  a desired  signal  source  is  about  13.S  dbl,  and 
the  minimum  directive  gain  Is  ^ -30  dBi.  These  extreme  values  may  be  useful  If 
the  system  parameters  required  to  operate  with  the  minimum  directive  gain 
(i.e.,  -a  -30  dBi)  do  not  result  in  undue  cost,  weight,  etc.  If  a trade  off 
between  system  complexity  and  availability  is  required,  the  FOM  in  Figure  7 
will  aid  in  producing  the  rational  quantitative  judgment  required  to  select  the 
associated  system  parameters. 

The  ratio  l)^/D  may  also  be  of  prime  importance  in  determining  those 
antenna  parameters  best  suited  to  the  desired  system  performance.  The  radia- 
tion contour  plots  shown  in  Figures  3-b  do  not  give  this  information  directly. 

However,  it  can  be  calculated  from  the  same  data  base  used  to  complete  these 
figures.  The  probability  of  a desired  signal  source  realizing  0^/0^  A is 
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plotted  In  Figure  8 for  both  th«  small  and  the  largo  array*.  I'M*  FOM  ran  he 
used  (n  tho  same  manner  as  that  shown  In  Figure  7.  Notire  that,  for  events 


with  probability  ''0.5,  l)j/D  is  about  tha  same  for  each  antenna  array  when  the 
desired  signal  is  between  0.5*  and  2.0”  from  tha  unde* i red  signal.  It  is  also 
true  that  0,/D  is  about  10  dB  better  for  the  smaller  array  than  for  the 
larger  array,  when  the  desired  and  undeaired  signal  sources  have  an  angular 
separation  >2.0”!  These  conclusions  are  not  intuitively  obvious;  however,  they 
can  be  explained  bv  tha  smooth  as  opposed  to  uneven  radiation  patterns  of  the 
small  vs  the  large  array. 

From  the  foregoing,  we  see  that  this  FOM  analysis  indicates  that  the  large 
array  is  preferred  over  the  smaller  arrav  if  maximizing  D j le  of  prime  impor- 
tance. However,  the  smaller  arrav  i*  better  if  one  wishes  to  maximize  P./P  . 

d u 

These  results  are  not  intuitively  obvious,  and  it  is  doubtful  that  a visual 
inspection,  of  the  radiation  contour  plots  for  all  25  scenarios  would  yield  the 
same  conclusions. 

The  "NO.  SAMI’"  listed  at  the  top  of  the  figures  indicates  the  number  of 
data  points  in  each  zone.  The  "NO.  WTD"  listed  indicates  the  weighting  of 
these  points  in  accordance  with  their  individual  representation  of  a "cell"  on 
the  surface  of  the  earth. 

III.  Summary 

Today's  communication  and  radar  systems  have  become  much  more  complex  than 
those  in  use  15  or  more  years  ago.  Consequently,  assessment  of  the  svstem 
performance  is  complicated  and  not  readily  placed  in  evidence  by  measuring  a 
few  of  its  fundamental  characteristics.  In  particular,  adaptive  antenna 
systems  are  very  difficult  to  assess  using  only  measured  and/or  calculated 
radiation  pattern  contours.  In  the  foregoing,  a figure  of  mertt  (FOM)  was 
defined  and  used  to  compare  the  performance  of  two  adaptive  antenna  arravs. 

Both  arrays  consisted  of  seven  H dB  gain  elements  arranged  in  an  hexagonal  grid 
on  a plane  surface.  They  differed  only  in  their  interelement  spacing;  it  was 
one  meter  for  the  smaller  array  and  lout  meters  for  the  larger  arrav.  Both 
arrays  operated  at  450  MHz,  and  thev  were  subjected  to  25  identical  undesired 
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signal  source  scenarios;  the  desired  signal  sources  were  assumed  to  be  anywhere 
In  the  field  of  view  (FOV).  The  FOV  was  centered  on  the  antenna  array's  axis 
and  subtended  an  angle  of  17.3°  measured  at  the  antenna  array. 


The  FOM  analysis  indicates  that  the  smaller  array  is  best  if  one  wishes  to 
maximize  D ^ ; whereas  the  larger  array  is  best  if  one  wishes  to  maximize  . 
Without  this  analysis,  neither  conclusions  would  be  obvious  even  after  inspec- 
ting the  radiation  contour  plots  associated  with  each  antenna  and  the  25 
scenarios. 

Assessing  the  performance  of  these  antennas  in  this  manner  not  only 
demonstrated  which  is  better,  it  also  indicates  the  improvement  in  performance 
that  one  can  expect.  In  general,  other  performance  characteristics  may  be  of 
Interest,  or  their  distribution  according  to  zones,  defined  by  separation  in 
miles,  rather  than  degrees,  might  be  preferred.  The  selection  of  appropriate 
scenarios  requires  careful  consideration,  and  it  must  be  remembered  that  these 
curves  give  statistical  not  guaranteed  results. 
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